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sNN = 2.76 TeV. The data sets used in the analyses presented here
1. Heavy-ion collisions with the ATLAS detector
The ATLAS detector [1] was designed for studying high-transverse momentum phenomena
in proton-proton collisions, aimed to discover new particles. It is also well capable of performing
a wide spectrum of measurements in the dense environment of heavy-ion collisions. The detector
consists of three main subsystems: the inner detector, the calorimetry and the muon spectrom-
eter, all with a full coverage in azimuth and a wide pseudorapidity (η) acceptance. The inner
detector, placed in a 2 T solenoid, provides precise determination of charged particle momenta
over a pseudorapidity range out to |η| = 2.5. The ﬁnely segmented calorimeter allows for mea-
surements of hadronic and electromagnetic energy deposits over |η| < 4.9. The outermost muon
spectrometer, placed in a toroidal magnetic ﬁeld, provides triggering, identiﬁcation and precise
momentum measurements for muons produced with |η| < 2.7.
At the end of 2010 and 2011, the Large Hadron Collider (LHC) at CERN delivered lead-lead
collisions at the energy of √
sNN =
2.76 TeV obtained with the ATLAS detector is presented. Two samples of collision events
recorded in 2010 and 2011 LHC heavy-ion runs, with integrated luminosities of approximately
9 μb−1 and 0.15 nb−1 respectively, were used. The measurements of collective ﬂow phenomena in
lead-lead collisions, related to the initial geometry and its ﬂuctuations, are shown providing new
constraints on the initial geometry models and on hydrodynamic evolution of the system. They
are complemented with studies of high-transverse momentum probes. The latter include mea-
surements of electro-weakly interacting probes such as Z bosons and prompt photons as well as
strongly interacting probes like charged hadrons, heavy quarks and jets. Yields of electro-weak
probes are found to be consistent with binary collision scaling for all collision centralities. On
the contrary, charged hadrons, heavy quarks and jets are suppressed in central collisions relative
to peripheral events. The azimuthal angle dependence of jet yields is consistent with the expected
dependence on the path length traversed by partons through the medium, while the measured jet
fragmentation function shows some centrality-dependent modiﬁcations. These measurements,
supplemented with the results on correlations between electro-weak probes and jets, provide
new insights into the mechanism of in-medium parton energy loss.
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Figure 1: The integrated luminosity recorded by ATLAS in 2010 (left) and 2011 (right) lead-lead runs vs time.
Figure 2: Trigger eﬃciency for electrons and muons (left) [3] and for photons (right) [4] as a function of transverse
momentum (or transverse energy in the case of electrons).
were taken during two LHC heavy-ion runs and correspond to about 8 μb−1 recorded in 2010 and
almost twenty times higher luminosity, of 0.15 nb−1, from the 2011 run (see Fig. 1). The 2010
data set includes events triggered by the level-1 online minimum-bias trigger only [2]. In the
2011 heavy-ion run, in addition to the level-1 minimum-bias trigger, dedicated high-level trigger
streams were used to select high-pT objects like electrons, muons, photons and jets. Figure 2
illustrates the trigger performance in selecting electrons, muons and photons. It can be seen that
the calorimeter based trigger eﬃciency above 98% is achieved for electrons and photons with
pT > 20 GeV. For muons with transverse momenta above 10 GeV, an eﬃciency better than 90%
is reached using the trigger capability of the muon spectrometer. The total transverse energy
measured in the forward calorimeters (3.1 < |η| < 4.9) is used to estimate the collision centrality.
The centrality intervals are expressed in percentiles of the total inelastic lead-lead cross section.
For each centrality class the number of participating nucleons, Npart, and the number of binary
nucleon-nucleon collisions, Ncoll are evaluated with simulations based on the Glauber model [5].
2. Collective ﬂow measurements
Collective ﬂow, which manifests itself as a large anisotropy in the event-by-event azimuthal
angle distribution of produced particles, is a consequence of the spatial anisotropy of the initial
overlap region of the colliding nuclei. The ﬁnal-state anisotropy is studied by measuring the
Fourier harmonics (vn) of the azimuthal angle distributions of produced charged particles. The
second harmonic, v2, is directly related to the elliptic shape of the overlap region while higher
order harmonics are sensitive to ﬂuctuations in the initial spatial deformations. In ATLAS, ﬂow
harmonics have been measured with the event plane method [6], with two-particle correlations
[7] and with two- and four-particle cumulants [8]. It has been shown that in lead-lead collisions,
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the ﬁnal-state anisotropy is dominated by the second harmonic, v2, showing a strong centrality
dependence [9, 10]. Higher order harmonics (n > 2) as well as the ﬁrst order harmonic, v1,
were found to also contribute to the measured anisotropy [10]. These observations imply the
presence of signiﬁcant ﬂuctuations in initial geometry due to ﬂuctuating nucleon positions in
the overlap region. Fluctuations in the initial geometry should induce correlations between the
symmetry planes of diﬀerent orders. Such correlations have been indeed observed [11] and it
was found that they can be partially attributed to the ﬂuctuations of the initial geometry, but
are also generated during the system evolution, implying the presence of non-linear eﬀects in
the hydrodynamic description of the system evolution [12]. Additional insight into the initial
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Figure 3: The event-by-event vn distributions for diﬀerent centrality intervals for n = 2 (left panel), n = 3 (middle panel)
and n = 4 (right panel) [14]. The bars denote statistical errors, and the shaded bands show uncertainties on the shape of
vn distributions.
geometry ﬂuctuations can be provided by studying ﬂuctuations of the ﬂow harmonics. Fluctu-
ations of the second ﬂow harmonic can be extracted from the measured two- and four-particle
cumulants, see [13] for the ATLAS measurement of the relative v2 ﬂuctuations. A novel tech-
nique has been developed for direct measurements of ﬂow harmonic ﬂuctuations which is based
on the event-by-event determination of vn distributions, unfolded for the variation in the event
multiplicity [14]. Figure 3 shows the event-by-event distributions of vn for n = 2, 3 and 4 for
diﬀerent lead-lead collision centralities. It can be seen that v3 and v4 are well described by the
projection of the two-dimensional Gaussian distributions (shown by solid curves in Fig. 3) in-
dicating that they may result from random ﬂuctuations in the initial geometry. In the case of
the second ﬂow harmonic, a similar consistency with Gaussian ﬂuctuations is observed only in
the most central, (0 − 2) % collisions [14]. From the measured vn distributions, relative ﬂuctua-
tions of ﬂow harmonics, < vn > /σvn , are derived and compared to the initial state eccentricity
ﬂuctuations predicted by the Glauber [5] and Color Glass Condensate [15] Monte Carlo models.
It was shown that neither of the initial-state models can consistently describe the measured vn
distributions.
3. Electro-weak probes
Measurements of electro-weakly interacting probes, like photons and W and Z bosons can be
used to provide constraints on the nuclear modiﬁcations of the parton distribution functions. The
electro-weak probes or color-neutral products of their decays leave the interaction region essen-
tially intact, thus they can serve as a reference for measurements of strongly interacting probes.
Due to their insensitivity to medium properties, yields of photons and W, Z bosons measured in
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heavy-ion collisions are expected to scale with the number of binary nucleon-nucleon collisions,
Ncoll. ATLAS has measured yields of Z bosons in lead-lead collisions via their decays into di-
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Figure 4: (left) The yield of Z bosons measured in |yZ | < 2.5 and scaled by < Ncoll > as a function of centrality [3]. Bars
denote statistical errors, the shaded bands show systematic uncertainties. For the measurement combining two decay
modes (diamonds), the brackets show the total uncertainty, including also the uncertainty on < Ncoll >. (right) Yields of
prompt photons divided by JETPHOX 1.3 predictions [4]. Statistical errors are shown by the error bars and systematic
uncertainties are shown by the bands.
muon and di-electron channels [3]. The centrality dependence of the Z yields normalized by Ncoll
is shown as a function of collision centrality in the left panel of Fig. 4. It can be seen that, within
our current statistical and systematic uncertainties, the yield of Z bosons is proportional to Ncoll.
The photon yields have been measured over |η| < 1.3 using the calorimeter system [4]. Photons
are reconstructed from electromagnetic clusters after performing the underlying event subtrac-
tion on an event-by-event basis. Additional isolation requirements were superimposed in order to
eliminate non-prompt photons, originating from decays of neutral jet fragments. The right panel
of Fig. 4 shows yields of photons divided by the JETPOX 1.3 prediction [16], corresponding to
the NLO pp cross-section multiplied by the nuclear thickness function (which is proportional to
Ncoll). One can see that for all centrality classes the ratios of data over model predictions are
consistent with unity, thus photon yields scale with the number of binary collisions.
4. Strongly interacting probes
As shown above electro-weak probes obey the expected scaling of yields with the number
of binary collisions. This is not the case for strongly interacting probes, produced initially in
high momentum transfer processes, which are sensitive to the conditions prevailing at the early
collision times. Then, typically the suppression of yields is expected, quantiﬁed by deviations
from binary collision scaling.
The production of charged hadrons shows signiﬁcant deviations from the scaling with Ncoll.
Using the 2011 lead-lead data, transverse momentum spectra of charged hadrons have been mea-
sured out to 150 GeV [17]. Figure 5 shows in the left panel the centrality dependence of RCP
deﬁned as the charged hadron yield measured in a certain centrality interval normalized to the
yield measured in the peripheral (60-80)% centrality interval, with all yields scaled by the corre-
sponding < Ncoll >. The measurements show a strong suppression of hadron production which
increases with centrality of the collision. For most central (0-5)% collisions yields are suppressed
by a factor of 5 at pT of about 7 GeV as compared to the yields measured in peripheral collisions.
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Figure 5: (left) Charged hadron RCP as a function of pT [17]. Bars denote statistical errors while shaded boxes show total
systematic uncertainties. (right) The RCP for single muons from heavy quark decays [18]. Error bars denote statistical
and systematic uncertainties added in quadrature, while shaded boxes indicate fully correlated systematic uncertainties.
Figure 6: (left) Jet RCP as a function of jet pT for R = 0.2 jets in four bins of collision centrality [19]. The error bars
indicate statistical errors, the shaded boxes indicate partially correlated systematic errors, while the solid lines indicate
systematic errors that are fully correlated. (right) Ratios of RCP values between R = 0.3, 0.4 and 0.5 jets and R =0.2 jets
as a function of pT in the (0-10)% centrality bin. The rrror bars show statistical uncertainties, the shaded boxes indicate
partially correlated systematic errors, and the lines indicate fully correlated systematic errors.
Heavy quark production is also violating Ncoll scaling and shows a suppression of yields with
centrality. ATLAS has measured heavy quark production in lead-lead collisions via semileptonic
decays of heavy ﬂavour hadrons to muons [18]. Over the transverse momentum range 4 < pT <
14 GeV, the measured single muon production mainly results from heavy quark decays. The right
panel of Fig. 5 shows RCP measured for single muons. A factor of two suppression in (0-10)% of
most central collisions is observed as compared to (60-80)% peripheral collisions. No signiﬁcant
pT dependence is seen. Interestingly this suppression is weaker than for charged hadrons with
similar pT.
The observed clear deviations of charged hadron and heavy quark yields from the binary col-
lision scaling provide indirect evidence for the jet quenching phenomenon, the process by which
energetic partons loose energy traversing the hot, dense medium. The inclusive jet production
has been studied using jets reconstructed in highly segmented, large acceptance calorimeters
[19]. Jets were reconstructed using the anti-kt algorithm [20] with diﬀerent jet radius parameters,
R = 0.2, 0.3, 0.4 and 0.5, and with the underlying background removed on an event-by-event
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basis. Figure 6 shows jet RCP as a function of pT for diﬀerent centrality classes and for R = 0.2
jets. RCP decreases smoothly from peripheral to central collisions. In the most central collisions
(0-10)% a suppression by a factor of two is observed. For jets with pT < 100 GeV, the suppres-
sion depends on the jet radius parameter for (0-10)% of most central collisions, as shown in the
right plot in Fig. 6. A weaker suppression is observed for larger jet radius parameters.
The jet suppression was also studied as a function of azimuthal angle, Δφ = φ jet −Ψ2, where
Ψ2 is the second order event symmetry plane [9, 10]. Large Δφ value means that the jet is
predominantly emitted out-of-plane, corresponding to the longer path traversed by a parton as
opposed to the case when Δφ ≈ 0. Ratios of jet pT yields measured in diﬀerent slices of Δφ
are shown in Fig. 7 for diﬀerent collision centralities [21]. It can be seen that the jet yields are
suppressed by about 15% for 3π/8 < Δφ < π/2 relative to 0 < Δφ < π/8, as expected for the path
length dependence of the jet quenching. Jet v2 has been also measured out to jet pT of 210 GeV
and showed signiﬁcant magnitudes, weakly dependent on pT above 100 GeV. Some evidence for
an increase of v2 with pT decreasing down to 45 GeV is also observed.
Figure 7: Ratios of jet pT yields measured for diﬀerent Δφ relative to 0 < Δφ < π/8 for diﬀerent centrality bins [21].
Error bars show statistical uncertainties and shaded boxes indicate systematic uncertainties.
Figure 8: Ratios of D(z) distributions for diﬀerent bins in collision centrality to that in peripheral collisions for R = 0.4
jets [22]. The error bars indicate statistical uncertainties, the shaded bands indicate uncorrelated or partially correlated
systematic uncertainties, while the solid lines indicate systematic uncertainties that are fully correlated between points.
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Figure 9: The measured xJγ distributions in lead-lead data (closed symbols) compared with PYTHIA predictions (his-
tograms) for diﬀerent collision centralities [23]. The error bars represent statistical errors, while the shaded bands indicate
the systematic uncertainties.
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Figure 10: The measured < p jetT /p
Z
T > plotted as a function of centrality for three jet radius parameters, and compared
to PYTHIA expectations [24]. The middle point in each plot represents the whole studied centrality range, and thus is
not independent relative to the left and right points. Error bars show statistical uncertainties and shaded boxes indicate
systematic uncertainties.
Measurements of the jet structure provide additional insight into the mechanism of parton
energy loss. ATLAS has measured the transverse and longitudinal structures of jets using charged
hadrons reconstructed in the inner detector with phT > 2 GeV [22]. The distribution of the
longitudinal momentum fraction carried by jet constituents, z ≡ −→phT · −→p jetT /|−→p jetT |, is denoted by
D(z). The ratios, RD(z) of the D(z) distribution measured in diﬀerent centrality intervals to that
measured in peripheral (60-80)% collisions are shown in Fig. 8. They show enhancement at z
values smaller than 0.05, followed by suppression at intermediate z values of about 0.1, and no
modiﬁcation at high z.
We have also studied modiﬁcations of the jet energy relative to electro-weakly interacting
probes, not aﬀected by the medium. Figure 9 shows results of photon-jet correlation studies
using photons of energies (60-90) GeV, jets with pT > 25 GeV, and requiring back-to-back emis-
sion for events with xJγ = p
jet
T /p
γ
T > 25/60 [23]. Distributions of xJγ are shown for diﬀerent
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collision centralities and for the jet radius parameter R = 0.2, and compared to PYTHIA ex-
pectations assuming unquenched jets. For peripheral collisions both the shape and integral of
xJγ distributions are compatible with PYTHIA, while with increasing centrality, the measured
distributions are shifted towards smaller xJγ values and the integrated yields are also reduced as
compared to the simulations. Qualitatively similar results are obtained from the study of Z boson
and jet correlations [24]. Here we are limited by statistics, having in 2011 data only 37 events
with Z (pZT > 60 GeV) and a jet (p
jet
T > 25 GeV) that are separated by more than π/2 in azimuth,
and with p jetT /p
Z
T > 25/60. Figure 10 shows the mean value of p
jet
T /p
Z
T for two broad central-
ity classes of (0-20)% and (20-80)%. The measured < p jetT /p
Z
T > is suppressed as compared to
PYTHIA expectations which does not include any energy loss mechanism. Stronger suppression
is observed for more central collisions.
5. Summary
Awealth of results obtained by the ATLAS Collaboration from lead-lead collisions at √sNN =
2.76 TeV is presented. Studies of the collective ﬂow phenomena provided constraints on models
of the initial-state as well as on dynamic evolution of the created system. Extensive eﬀorts have
been made to study high-transverse momentum probes, with full exploitation of the excellent
capabilities of the ATLAS detector. Obtained results, using both electro-weakly and strongly
interacting probes, provide new insights into the mechanism of parton energy loss and properties
of the hot, dense medium. For details on the analyses presented in this report and also for other
ATLAS results, see ATLAS contributions to this Proceedings.
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